In this paper, we propose a novel scheme of orthogonal frequency division multiplexing (OFDM) for intensity modulation direct detection (IM/DD) optical systems. By using this novel scheme of an OFDM optical system, not only odd subcarriers but also even subcarriers can be modulated to transmit a clipping optical signal. A conventional asymmetrically clipping optical (ACO)-OFDM is applied to modulate odd subcarriers while even subcarriers are modulated by a novel technique called a symmetrically clipping optical (SCO)-OFDM. Although both the asymmetrically clipping noise caused by ACO-OFDM and the symmetrically clipping noise caused by SCO-OFDM fall onto the even subcarriers, the former interference can be estimated and removed at the receiver. Thus, SCO-OFDM symbols carried on the even subcarriers can be recovered by subtracting the estimated ACO-OFDM clipping noise from the received signal. Then the SCO-OFDM clipping noise can be removed by subtraction due to its special transmission format. Note that no DC bias added on all subcarriers makes this novel scheme achieve better performance in terms of both power efficiency and symbol error rate (SER).
Introduction
Optical wireless systems with intensity modulation direct detection (IM/DD) have been extensively studied in recent decades [1] [2] [3] . They can be effective alternatives to radio frequency (RF) wireless systems for indoor high-speed data transmission. Compared to RF communication, optical wireless communication (OWC) offers unlimited transmission bandwidth and efficient spatial diversity achieved with short carrier wavelengths and a large area detector [4] . Multipath distortion, especially in an indoor environment, caused by reflection from walls or furniture, severely affects the transmission quality of an optical signal. Orthogonal frequency division multiplexing (OFDM) [5] is a promising modulation technique and has been widely used to combat inter-symbolinterference (ISI) resulting from multipath propagation in http://asp.eurasipjournals.com/content/2015/1/3
In DCO-OFDM, a DC bias is added to eliminate the negative values in the transmitted signal. However, the performance of DCO-OFDM strongly depends on the DC bias level [12] . If the added DC bias cannot exceed the negative peak, the remaining negative values must be clipped to zero, then all subcarriers will be affected by the clipping noise. If the DC bias is larger than the negative peak, it makes the DCO-OFDM inefficient in terms of optical power. The advantage of DCO-OFDM is bandwidth efficiency because both odd and even subcarriers are used to carry data. In ACO-OFDM, all the negative values are clipped to zero, leaving the positives. In [13] , we found that the clipping approach reduces the amplitude of the original symbols by half, and the clipping noise falls onto the even subcarriers without distorting the data on the odd subcarriers. Thus, only odd subcarriers are used to carry data in ACO-OFDM. Compared to DCO-OFDM, ACO-OFDM is more optical power efficient, but its bandwidth is as twice that of DCO-OFDM.
In order to maintain the advantages and avoid the drawbacks of the previous two optical systems, a combination scheme called ADO-OFDM has been designed. ACO-OFDM symbols modulate odd subcarriers while DCO-OFDM symbols modulate even subcarriers. The negative values generated by ACO-OFDM and DCO-OFDM are separately clipped to zero. Then, the sum of the remaining two non-negative signals is transmitted by a light emitting diode (LED) [14, 15] . ACO-OFDM symbols can be easily recovered by detecting the data carried on the odd subcarriers. The ACO-OFDM clipping noise can be estimated from the received ACO-OFDM signals. By adding a moderate DC bias at the transmitter, the clipping noise caused by DCO-OFDM is negligible compared to the wanted signal. Finally, DCO-OFDM symbols are successfully recovered by subtracting the estimated ACO-OFDM clipping noise from the received DCO-OFDM signals.
Adding a DC bias is a simple and direct approach, but it leads to a large waste of optical power. A full spectrally efficient optical system, hybrid ACO-OFDM, is proposed by Bilal Ranjha and Mohsen Kavehrad. Without using the DC bias, it is more power efficient than ADO-OFDM. The ideas for the system design of the hybrid ACO-OFDM and our proposed system are similar. For both, the odd subcarriers are used to carry ACO-OFDM symbols, which are drawn from quadrature amplitude modulation (QAM) constellations. The differences are that the hybrid ACO-OFDM uses the imaginary parts of the even subcarriers to carry PAM-DMT symbols, while we still map the QAM symbols onto the even subcarriers. We believe that our proposed system will be better than the hybrid ACO-OFDM because the average power of QAM symbols is much smaller than that of PAM symbols in the same level of constellation case.
So far, the Hermitian symmetry constraint is usually enforced on the signal vector for obtaining real signals. However, Hany Elgala and Thomas D. C. Little provided another scheme, polar-OFDM (P-OFDM), to generate real unipolar signals without this constraint. The QAM symbols are only mapped onto the even subcarriers. After taken by IFFT, the complex signal vector satisfies the half-wave even symmetry. Then, the authors applied the cartesian-to-polar operation to convert the complex form into the exponential form. The amplitude and the phase values of different samples are transmitted. At the receiver, Hany Elgala and Thomas D. C. Little used the reverse operation to recover the original complex symbols. The designing ideas of P-OFDM and our proposed system are quite different. The main difference depends on the use of the Hermitian symmetry constraint.
In this paper, we propose a novel scheme, called an asymmetrically and symmetrically clipping optical (ASCO)-OFDM, to simultaneously transmit ACO-OFDM symbols on the odd subcarriers and symmetrically clipping optical (SCO)-OFDM symbols on the even subcarriers. If the length of an ACO-OFDM signal is 2N, an ACO-OFDM symbol that consists of only odd subcarriers has the property of x(n) = −x(n+N) [13, 16] . However, an OFDM symbol converted from only even subcarriers satisfies the property that x(n) = x(n + N), which is proved in Appendix 1. After clipping, the same negative values are removed in the first and in the second half. It is the reason that the non-negative signals are called SCO-OFDM signals. Fortunately, the SCO-OFDM clipping noise does not affect ACO-OFDM symbols because it falls onto the even subcarriers. We prove this claim in Appendix 2. By using the same operation in ADO-OFDM, we can recover ACO-OFDM symbols by extracting the data on the odd subcarriers. Also, the ACO-OFDM clipping noise can be accurately estimated from the recovered ACO-OFDM signals. The data on the even subcarriers are distorted by the ACO-OFDM clipping noise, the SCO-OFDM clipping noise, and all other noises. The details of reconstructing SCO-OFDM are discussed in Section 2.2. Since no DC bias is added to all subcarriers, this novel scheme exhibits better performances in terms of optical power and symbol error rate (SER) than ADO-OFDM does. Moreover, the existing technique [17] can be applied to improve the SER performance [18] .
The rest of the paper is organized as follows: In Section 2.1, the structure of ADO-OFDM is briefly reviewed. In Section 2.2, we present the ASCO-OFDM system in detail. The probability density function (PDF) of the ASCO-OFDM signals is derived; the analysis of the average bit rate/normalized bandwidth and power/bit for both the ADO-OFDM and the ASCO-OFDM is presented in Section 3. Simulation results and performance comparisons between ADO-OFDM and ASCO-OFDM are given http://asp.eurasipjournals.com/content/2015/1/3 in Section 4. Finally, the conclusion of the paper is given in Section 5. In order to obtain a real signal, this block of complex data symbols is combined with its conjugate sequence
T in reverse order to form a 2(N − 1) × 1 signal vector that has Hermitian symmetry as follows,
Two zeroes are, respectively, inserted at the first and at the middle of this signal vector, which is shown as:
Then X is divided into two 2N × 1 signal vectors, X odd and X even , that consist of the odd components and the even components of X, which are shown as:
Both X odd and X even are converted by a 2N-point IFFT to yield two real bipolar signal vectors, x odd and x even , respectively. In an ACO-OFDM clipping block, the negative values in x odd are clipped to zero to produce a signal, x ACO , consisting of non-negative values. Another signal, x DCO , is obtained by adding a DC bias to x even and setting the remaining negative values to zero. In order to avoid the DCO-OFDM clipping noise, a large DC bias should be added which makes the transmitted optical signal inefficient in terms of optical power. Thus, the performance of DCO-OFDM depends on the bias level. Generally, x even is modeled as a block of Gaussian random variables with mean zero and variance E{x 2 even }. The DC bias is denoted by B DC , which can be defined as follows:
even }. 10log 10 (μ 2 + 1)dB is the decibel form of B DC , where μ is a proportionality constant. The transmitted signalx ADO is the sum of x ACO and x DCO with the cyclic prefix (CP) attached.
An indoor optical wireless channel can be modeled as a multipath propagation channel [19] . The impulse response of this optical channel is given by
, where l is the number of channel coefficients which determines the length of CP. At the receiver, a photodiode is employed to detect the intensity of the received optical signal:
which is the convolution of the incident optical signal and the optical channel plus noise. w(n) represents the combination of shot noise and thermal noise, which can be approximated as additive white Gaussian noise. We assume that channel state information (CSI) is wellknown at the receiver. The output of a 2N-point fast Fourier transform (FFT), Y ADO (k), is operated by a singletap equalizer in the frequency domain. X odd can be recovered by extracting the odd components of Y followed by a hard or soft detection. By transforming Y odd into the time domain, an ACO-OFDM clipping noise estimation block reconstructs a reference signal y ACO . Finally, y DCO is obtained by subtracting y ACO from the reference signal y, and it is transformed into the frequency domain to yield Y even .
Novel scheme -asymmetrically and symmetrically clipping optical (ASCO)-OFDM
The block diagram of ASCO-OFDM is shown in Figure 2 .
Since the ASCO-OFDM system uses a novel transmission scheme, the input block of complex symbols is first separated into three parts, which have two (N/2) × 1 signal vectors and one (N/2 − 1) × 1 signal vector. Thus, the length of the input block is 3N/2 − 1. Similarly, in order to obtain a real signal, we have to make the input of IFFT have the Hermitian symmetry. Two (N/2) × 1 signal vectors are, respectively, combined with their conjugate sequences and are inserted by zeroes into the even subcarriers to form two 2N × 1 signal vectors, X i odd and X j odd , which are given by:
The (N/2 − 1) × 1 signal vector is defined in a similar way with zeroes inserted into the odd subcarriers to form a signal vector as follows: As each sample in x even is converted from even subcarriers, it has the relation that x even (n) = x even (n + N). By clipping the negative values, half of the information carried in x even is lost. Thus, two signal vectors, x cn even and x cp even , are generated for transmitting the information in x even . x cn even represents that all negative values of x even are clipped to zero. x cp even represents that all positive values of x even are clipped to zero and the remaining negative values are turned to positive. They are respectively given by:
Then, we construct a transmitted signal that consists of two consecutive sub-blocks, x i ASCO and x j ASCO , which are given by: 
where the impulse response of optical channel 
where is a 2N × 2N diagonal matrix whose diagonal is the 2N-point FFT of h(n), and H indicates the Hermitian matrix of . The frequency domain equalizer can be a MMSE equalizer (α = 1) or a ZF equalizer (α = 0). Y i and Y j can also be shown in the frequency domain as follows:
where 
We note that x even = x cn even − x cp even ; hence, Y even can be estimated by the form:
Signal analysis of ADO-OFDM and ASCO-OFDM
In this section, we first review the PDF of ADO-OFDM signals. Then, the theoretical PDF of ASCO-OFDM signals is derived, and two simulated PDF results are compared with the theoretical PDF in Figure 3 . Moreover, we analyze the average bit rate/normalized bandwidth of ASCO-OFDM and ADO-OFDM. Through calculating the total optical power and the information bit of the transmitted signal, we obtain the optical power per bit for both schemes.
The PDF of ADO-OFDM
The PDF of ADO-OFDM signals is the convolution of the PDF of ACO-OFDM signals and the PDF of DCO-OFDM signals, which is given by Eq. (28) in [9] because they have the relation that x ADO (n) = x ACO (n) + x DCO (n). The PDFs of ACO-OFDM signals and DCO-OFDM signals are respectively given by [19] [20] [21] :
where u(χ) is the unit step function and δ(χ) is the Dirac delta function. σ A is the standard deviation of unclipped signals in ACO-OFDM, which is given by σ A = E x 2 odd . σ D is the standard deviation of DCO-OFDM signals, http://asp.eurasipjournals.com/content/2015/1/3
Figure 3 Theoretical and simulated PDF of ASCO-OFDM.
which is given by σ D = E{x 2 even }. The PDF of ACO-OFDM signals is called the clipped Gaussian distribution, and it is only determined by σ A . However, the PDF of DCO-OFDM signals is affected by σ D and B DC . Thus, the performance of ADO-OFDM partially depends on the DC bias level, B DC .
The PDF of ASCO-OFDM
In the ASCO-OFDM modulation scheme, . We assume that they all follow a clipped Gaussian distribution, which is given by:
where σ is the standard deviation of the unclipped signal, such as x i odd , x j odd , or x even . Here, we consider that x i odd , x j odd , and x even are modulated by the same constellation, so they have the same standard deviation σ . By using the clipped Gaussian distribution, we can obtain the PDF of ASCO-OFDM signals. Assuming α ∈ x i,c odd and
and f x cn even (β), which is given by:
where:
and:
Thus, the PDF of x i ASCO is given by:
with mean 2σ/ √ 2π and variance (π − 1)σ 2 /π. erf(x) is the error function of x and the PDF curve is shown in Figure 3 . The calculation steps of Equation 27 are shown in Appendix 3.
The theoretical and simulated PDFs of ASCO-OFDM signals have been shown and compared in Figure 3 . The theoretical result is given by Equation 27, which is the solid curve in the figure. Since the real bipolar signals at the output of an IFFT has a Gaussian distribution, we model x i odd , x j odd , and x even as Gaussian signals to generate the transmitted ASCO-OFDM signals. This simulated result is given by the plus solid curve. In order to obtain the PDF of signals generated by the ASCO-OFDM modulation scheme, we use a Monte Carlo experiment to get the statistical ASCO-OFDM signals. This simulated PDF is shown as a cross solid curve. Comparing these three curves, they closely match each other.
Average bit rate/normalized bandwidth
For both ADO-OFDM and ASCO-OFDM, 2N − 2 complex symbols are modulated onto the spectrum with length 2N; hence, the normalized bandwidths for both are given by N/(N − 1). In ADO-OFDM, symbols carried on the odd and even subcarriers are drawn from different constellations because odd subcarriers are modulated by ACO-OFDM while even subcarriers are modulated by DCO-OFDM. The average bit rate of ADO-OFDM can be calculated by:
where C ACO and C DCO are the constellation sizes of ACO-OFDM symbols and DCO-OFDM symbols, respectively. Therefore, the average bit rate/normalized http://asp.eurasipjournals.com/content/2015/1/3 bandwidth of ADO-OFDM is given by log 2 C ACO + log 2 C DCO /2 /(N/ (N − 1) ). In order to improve the power efficiency of ADO-OFDM, DCO-OFDM symbols usually are drawn from small constellations to reduce the DC bias level. For ASCO-OFDM, all information carried in the even subcarriers is separated into two consecutive sub-blocks, x i ASCO and x j ASCO . Thus, half of the information in x even is transmitted by the even components of one sub-block, x i ASCO or x j ASCO . Therefore, the average bit rate of ASCO-OFDM for one sub-block can be obtained by:
and the average bit rate/normalized bandwidth is given by log 2 C ACO + 0.5log 2 C SCO /2 / (N/(N − 1) ), where C ACO and C SCO are similarly defined. By applying different constellations to the odd and even subcarriers of ADO-OFDM and ASCO-OFDM, the average bit rate/normalized bandwidths for both are compared in Table 1 .
Optical power/bit
In order to find out the accurate optical power per bit, P opt /bit, for both ADO-OFDM and ASCO-OFDM, we sum each value in the transmitted optical signal without adding the cyclic prefix. The total optical power of the transmitted ADO-OFDM signal is computed by:
The DC bias added in DCO-OFDM comes from Table 2 . For ASCO-OFDM, the transmitted optical signal has two consecutive sub-blocks, x i ASCO and x j ASCO . Therefore, the total optical power of the transmitted ASCO-OFDM signal is given by:
Considering the input of ADO-OFDM, a block of (N − 1) × 1 complex symbols is divided into two parts for ACO-OFDM and DCO-OFDM modulation. The N/2 complex symbols are modulated onto the odd subcarriers by ACO-OFDM while the N/2 − 1 complex symbols are applied into the even subcarriers for generating DCO-OFDM signals. Therefore, the total transmitted bits for ADO-OFDM are given by: 
Simulation results
The results of optical power per bit for ADO-OFDM and ASCO-OFDM are compared in Figure 4 . Five constellation combinations denoted by A to E, which are listed in Table 2 , are applied to odd subcarriers (ACO-OFDM) and even subcarriers (DCO-or SCO-OFDM) of two schemes. ADO-OFDM is represented by squares, and ASCO-OFDM is represented by stars. Star F represents ASCO-OFDM with 64-QAM symbols on all subcarriers. If two systems are modulated by the same constellation combination, the bit rate/normalized bandwidth of ASCO-OFDM is less than that of ADO-OFDM. However, ASCO-OFDM requires much less optical power for each bit than ADO-OFDM does due to no DC bias added in the SCO-OFDM modulation. Although http://asp.eurasipjournals.com/content/2015/1/3 the bit rate/normalized bandwidth of ASCO-OFDM is lower, we can use larger constellation combinations to achieve the same bit rate with that of ADO-OFDM. When the same bit rate/normalized bandwidth is achieved, for example square B vs. star D and squares C and D vs. star E, the ASCO-OFDM exhibits more optical power efficiency than ADO-OFDM does. Therefore, ASCO-OFDM is more optical power efficient compared to ADO-OFDM. Moreover, if the required optical power per bit of ASCO-OFDM is close to that of ADO-OFDM, the bit rate/normalized bandwidth of ASCO-OFDM improves, which is shown as squares B and C vs. star F. Figure 5 shows the SER of ADO-OFDM and ASCO-OFDM applied with different constellation combinations. We use the same marker to represent the same constellation combination. A solid curve represents ASCO-OFDM while a dashed curve represents ADO-OFDM. In the figure, it is obvious that ASCO-OFDM has better SER performance than ADO-OFDM does in the same constellation combination case. Also, some specific comparison pairs should be clarified. Comparing the solid circle curve to the dashed plus curve, ASCO-OFDM with 16-4QAM has almost the same SER performance as 4-4QAM ADO-OFDM, but ASCO-OFDM requires much less optical power and has a higher bit rate as shown in Figure 4 . When achieving the same bit rate/normalized bandwidth, ASCO-OFDM outperforms ADO-OFDM in terms of the SER performance as well as optical power efficiency, which is shown as a solid square curve (ASCO-OFDM with 16-16) and a dashed circle curve (ADO-OFDM with 16-4). The solid cross curve (ASCO-OFDM with 64-16) and the dashed down-triangle curve (ADO-OFDM with 64-4) have the same performance in terms of SER and bit rate/normalized bandwidth, but the optical power per bit required by ASCO-OFDM is much less than that of ADO-OFDM. Finally, we point out that ASCO-OFDM (solid hexagon) is better than ADO-OFDM (dashed square) in all aspects because it has lower optical power per bit, higher bit rate/normalized bandwidth, and better SER performance.
Conclusions
In this paper, we propose a novel OFDM scheme called ASCO-OFDM for IM/DD optical wireless systems. A conventional ACO-OFDM is applied to modulate odd subcarriers, and the novel modulation scheme, SCO-OFDM, is used to modulate even subcarriers. For SCO-OFDM, we successfully adopt two consecutive subblocks to transmit the symbols on the even subcarriers without adding DC bias. Since the odd components and the even components of two systems can be separately detected, different constellation combinations are taken into account for modulation. Compared to ADO-OFDM, our novel optical system exhibits better SER performance and requires lower optical power per bit. For these reasons, we believe that ASCO-OFDM is the most attractive choice for IM/DD optical wireless systems.
Appendix 1
The IDFT of a length 2N frequency domain sequence X(k) is defined by:
In order to present Equation 34 by the sum of the odd subcarriers and the even subcarriers, we use a new index l instead of k, 
Note that the second exponential term can be simplified to exp(j2πl), which is equal to one. Therefore, we prove that an OFDM symbol converted from only even subcarriers satisfies the property that x(n) = x(n + N). After clipping, the SCO-OFDM symbols on the odd and even subcarriers are, respectively, shown as:
We notice that the symbols on the odd subcarriers are always equal to zero, and the symbols on the even subcarriers lose the second summation in Equation 40. Thus, we prove that the SCO-OFDM clipping noise only affects even subcarriers without distorting the data on the odd subcarriers. http://asp.eurasipjournals.com/content/2015/1/3
Appendix 3
The derivation of the PDF of ASCO-OFDM signals is shown as: 
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